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Abstract
On the basis of long-term (2001–2017) and extensive data (> 1700 breeding attempts), we assess factors influencing breeding 
parameters in Montagu’s Harrier (Circus pygargus), a medium-sized ground-nesting semi-colonial raptor breeding in cereal 
fields, in a study area in its core distribution range (Extremadura, Spain). We evaluated annual and long-term variation in 
breeding parameters, as well as changes in environmental variables such as weather or harvest date. We then evaluated breed-
ing failure and productivity in relation to nest protection measures, weather conditions, lay date and colony size. We found a 
significant trend for productivity to decrease over the 17-year study period, associated with a trend for predation probability 
to increase over time. Harvest occurred increasingly earlier in more recent years. The success rate of nests protected with 
unfenced unharvested patches (the most frequently used protection measure) increased with harvest date, but also declined 
throughout the study period for equivalent harvest dates. When considering all explanatory variables together, probability 
of nest success decreased significantly with lay date and throughout the study period, increased with annual rainfall and 
varied in relation to protective measures (being highest for nests protected with fences or where harvest in the plot had been 
delayed). In addition, among successful nests, fledged brood size also decreased significantly with lay date and temperature, 
and increased with annual rainfall. We found no effect of number of neighbours on breeding output. We discuss our results 
in relation to future conservation prospects for the species.
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Zusammenfassung
Bruterfolg von  Wiesenweihen in Abhängigkeit von  Witterung, Koloniegröße und Schutzmaßnahmen: eine 
Langzeitstudie in der Extremadura, Spanien
Auf der Grundlage von Langzeitstudien (2001–2017) und umfangreichen Datensätzen von mehr als 1.700 Brutversuchen 
der Wiesenweihe (Circus pygargus) im Projektgebiet untersuchen wir Faktoren, welche den Bruterfolg dieses mittelgroßen, 
bodenbrütenden Greifvogels maßgeblich beeinflussen. Die Wiesenweihe hat einen bedeutenden Verbreitungsschwerpunkt 
in ‚La Serena‘, Extremadura, wo ihre Nester meist in losen Kolonieverbänden im Getreide zu finden sind. Wir haben 
den Einfluss der für einen Bruterfolg maßgeblichen Faktoren wie Wetterdaten und Erntezeitpunkt sowohl für die 
einzelnen Jahre wie auch über den gesamten Untersuchungszeitraum betrachtet. Anschließend haben wir den Einfluss der 
angewandten Schutzmaßnahmen, Witterungsverhältnisse, Legedatum und Koloniegröße auf Produktivität und Nestverluste 
untersucht. Über den gesamten Untersuchungszueitraum von 17 Jahren hinweg konnten wir eine signifikante Abnahme 
des Bruterfolges feststellen; gleichzeitig stieg die Wahrscheinlichkeit eines Nestverlusts aufgrund von Prädation. In den 
letzten Jahren begannen die Ernteaktivitäten immer früher. Ein später Erntezeitpunkt vergrößerte die Aussichten auf einen 
Bruterfolg für Nester, die nur mit einer (nicht umzäunten) kleinen Restfläche nicht geernteten Getreides (der am häufigsten 
angewendeten Schutzmaßnahme) geschützt wurden. Im Laufe der Jahre jedoch sank die Wahrscheinlichkeit auf einen 
Bruterfolg auch bei später Ernte aufgrund zunehmender Prädation. Insgesamt verringerte sich die Wahrscheinlichkeit für 
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einen Bruterfolg signifikant während des gesamten Untersuchungszeitraums und mit einem späten Legebeginn. Höhere 
jährliche Niederschlagsmengen hatten einen positiven Einfluss auf den Bruterfolg. Dieser war außerdem stark abhängig von 
den durchgeführten Schutzmaßnahmen: die besten Erfolge wurden bei einem späten Erntezeitpunkt und durch Umzäunung 
der Nester erzielt. Bei Nestern, in denen mindestens ein Jungvogel flügge wurde, war die Anzahl der flüggen Jungvögel bei 
spätem Legebeginn signifikant niedriger, ebenso wirkten sich sehr hohe Temperaturen negativ auf die Anzahl der flüggen 
Jungvögel aus. Dagegen hatten hohe Niederschlagsmengen einen positiven Effekt auf die Anzahl der flüggen Jungvögel. 
Ein Zusammenhang zwischen Bruterfolg und Koloniegrößer (Anzahl benachbarter Brutpaare) konnte nicht nachgewiesen 
werden. Wir diskutieren unsere Ergebnisse im Hinblick auf weiterhin erforderliche Schutzmaßnahmen für diese bedrohte Art.
Introduction
Knowledge about factors influencing breeding parameters is 
essential to understand population dynamics and to design 
management strategies for species of conservation concern. 
In general, both biotic and abiotic factors affect breeding in 
birds. Habitat quality is an essential factor affecting breeding 
in most species. In farmland areas, land use changes due to 
adjustments in agricultural markets, and modification and 
intensification in agricultural practices (increased efficiency 
of harvesting machines, use of pesticides or earlier-harvest-
ing crop varieties) may strongly influence breeding, either 
through affecting availability of breeding habitat or prey, or 
directly through mortality or nest destruction (Donald et al. 
2001; Robinson and Sutherland 2002). Timing of breeding 
is also frequently associated with differences in breeding 
success, with earlier-breeding individuals being more suc-
cessful, either because earlier laying is associated with older 
age or higher individual quality, or because environmental 
conditions and food supply degrade throughout the breeding 
season (Newton and Marquiss 1984; Pietiäinen 1989; Meijer 
et al. 1990; Sæther 1990). Additionally, intraspecific rela-
tionships may influence breeding success for many species, 
and local breeding density has been described as affecting 
breeding parameters (e.g. Bertram 1978; Wittenberger and 
Hunt 1985; Siegel-Causey and Kharitonov 1990; Brown and 
Brown 1996). Among non-biotic factors, weather is a limit-
ing factor for many species, and studying the relationships 
between weather and breeding is important, particularly in 
view of recent climate change (Moss et al. 2001; Carvalho 
et al. 2011). Finally, human intervention as part of conserva-
tion schemes may also influence breeding in managed spe-
cies, and assessing this is also important in order to evaluate 
efficiency of use of conservation resources (Sutherland et al. 
2004).
Montagu’s Harrier (Circus pygargus) is a medium-sized 
ground-nesting species. As such, predation by both mam-
malian and aerial predators is an important determinant of 
breeding success in many areas (Arroyo et al. 2004). The 
species originally inhabited seminatural habitats like grass-
lands, but also dunes, heatherfields, marshes and steppes 
(Clarke 1996). However, although natural habitats are still 
used in many areas, particularly in eastern countries (Ter-
raube et al. 2010; Sokolov 2017; Bashta et al. 2017), the 
species switched to breeding in cereal crops in most of 
Western Europe in the second half of the twentieth century 
(Arroyo et al. 2004; Mebs and Schmidt 2006). When the 
species nests in crops, harvesting activities endanger the 
nestlings of Montagu’s Harrier if they are not yet able to fly 
at harvest time, and conservation campaigns to protect nests 
at harvest time occur in many areas of its breeding range 
(Arroyo et al. 2001; Kitowski 2002; Koks and Visser 2002; 
Santangeli et al. 2014, 2015; Illner 2017). It has been shown 
that efficiency of conservation measures depends on the rela-
tive time when harvest occurs in relation to the breeding 
cycle (Santangeli et al. 2014), so that early harvest leads 
more frequently to breeding failure even when conservation 
measures are applied. Additionally, it has also been shown 
that protecting against predation risk markedly increases 
the efficiency of protection at harvest time (Santangeli et al. 
2015). The species is also semi-colonial, nesting in isolation 
or in loose colonies (Arroyo 1995). Semi-colonial nesting 
has been shown to have advantages in relation to anti-preda-
tor behaviour, including earlier predator detection and lower 
risk in predator deterrence (Arroyo et al. 2001), and has also 
been described to influence breeding parameters (Wiacek 
2008; Kitowski 2008; Krupinski et al. 2010). At a Euro-
pean level, probability of occurrence of Montagu’s Harrier 
as a breeding bird increases with temperature, (Garcia and 
Arroyo 2001), suggesting that the species is adapted to the 
high temperatures found in southern latitudes. Indeed, no 
negative effect was found in central Spain between tempera-
ture and Montagu’s Harrier reproduction, in contrast to that 
observed in sympatric Hen Harriers Circus cyaneus (Gar-
cia and Arroyo 2001). However, it has been forecasted that 
further increase in temperatures would reduce the environ-
mental favourability of these areas for the species (Estrada 
et al. 2010), so the temperature increase observed in recent 
decades may affect reproduction.
On the basis of long-term (2001–2017) and extensive 
data (> 1700 breeding attempts) in a study area in the 
core distribution range (Extremadura, Spain), we assess 
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factors influencing breeding parameters in this conserva-
tion-dependent species. We evaluate annual and long-term 
variation in breeding parameters, as well as changes in envi-
ronmental variables such as weather or harvest date. We 
then evaluate breeding failure and productivity in relation to 
nest protection measures, weather conditions, lay date and 
colony size. In particular, we test the following hypotheses. 
(1) Earlier lay date should be correlated with higher breed-
ing success. (2) In Mediterranean areas, higher rainfall is 
an indicator of primary productivity, and therefore higher 
vegetation development and prey abundance. Therefore, it 
should be advantageous to harrier breeding. (3) Very high 
temperatures (as observed sometimes in Southern Spain), 
in contrast, could be detrimental for breeding. (4) A larger 
number of neighbours should decrease predation risk. (5) 
The efficiency of different conservation measures may 
depend on predation risk or harvest date. We discuss our 




The breeding area in ‘La Serena’ covers around 350 km2, 
and is situated in the south eastern part of Extremadura 
(southwestern Spain) between the towns of Cabeza del 
Buey (coordinates 38.737778, − 5.219444), Castuera (coor-
dinates 38.706389, − 5.544444) and Villanueva de la Ser-
ena (coordinates 38.973889, − 5.800278), at an altitude of 
400–550 m above sea level. It is a flat landscape, occupied 
by a pseudo-steppe, where land use is mainly a mosaic of 
cereal, pasture and fallow land (representing the traditional 
way of farming, with pasture for extensive livestock, and 
arable land cultivated only every other year, to allow soil to 
recover between crops, half of arable land thus being fallow 
every year). Montagu’s Harriers find both breeding habitats 
(mainly in oat or barley) and hunting areas there.
The Montagu’s Harrier breeds from Western Europe to 
Asia, but a large part of the breeding population in Europe 
is located in the south-western Iberian Peninsula (includ-
ing Extremadura). Average distance between nests is 
202 ± 125 m (Arroyo et al. 2004), although denser situa-
tions have been described in the literature (Wiacek 2008; 
Kitowski 2008; Krupinski et al. 2010). Our study popula-
tion represents ca. 15–20% of the Extremadura population 
as a whole. Montagu’s Harriers arrive in the breeding areas 
of Extremadura in March or early April, and onset of egg 
laying normally occurs between mid-April and mid-May 
(Arroyo et al. 2004) but can vary considerably within a year. 
Clutch size is usually 4–5 eggs, occasionally up to 6 eggs. 
Montagu’s Harriers are food generalists and feed on small 
mammals, small birds, reptiles and also insects; in Extrema-
dura, the proportion of small birds and insects is large (Ter-
raube and Arroyo 2011).
Conservation methods
A campaign for the protection of Montagu’s Harrier started 
in ‘La Serena’ in 1999. Volunteers from different countries 
have worked every year in the fields to locate as many nests 
as possible. Since 2001 the campaign has been organized by 
ANSER (Amigos de la Naturaleza de la Serena), the local 
non-governmental association for the protection of nature 
as part of the nationwide Iberian Working Group on Har-
riers (Garcia and Arroyo 2002). Where possible, negotia-
tions with farmers to delay harvest date in fields with nests 
occurred to protect nests and fledglings during harvest time. 
In other cases, when harvesting took place, the drivers of the 
combines left an unharvested patch of 4 × 4 m around each 
nest, thus ensuring some protection for the nestlings and the 
breeding pairs (Arroyo et al. 2002). When the combine had 
not left a satisfactory patch, some straw was put around the 
nest to offer some rudimentary protection to the nestlings. 
After harvesting, shepherds often used the fields as grazing 
grounds for their sheep. When we knew that sheep would 
enter the fields, we put a fence (approx. 1.5 × 1.5 m) around 
the nest in order to protect it from being trampled. From 
2015 nests were fenced when at least one chick had hatched, 
in response to an increased predation rate (see “Results”).
Field data collection
Intensity of field work increased over the years owing to the 
cooperation of more volunteers (Tables 1, 2), and their field 
experience also increased. Nests were located by observing 
the females landing at the nest site after a food pass. Located 
nests were visited and marked by fixing plastic stripes at 
vegetation stalks around the nest. Numbers of located pairs 
represent underestimates of the breeding population, in par-
ticular for the period 2001–2006; during that time only 2–4 
volunteers were in the field, which was not enough to cover 
the whole area and obtain reliable data for the number of 
breeding pairs and total number of fledglings. From 2007 
onwards there were 5–10 volunteers per season (Tables 1, 
2), so a larger share of the nests could be located. Neverthe-
less, the drivers of combines generally found a few nests 
each year that had not been previously located. Thus, we 
estimate our data coverage to be around 80% after 2007, and 
lower before that.
For each located nest, we noted the following varia-
bles: (1) GPS coordinates, from which we calculated dis-
tance to the nearest neighbour and number of neighbours 
within 600 m (referring to the colony definition of Arroyo 
(1995)). (2) Clutch size. (3) Number of fledglings. For 
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nests that failed, we also assessed causes of failure, as pre-
dation (when we found remains of eggshells, injured dead 
chicks or a suddenly empty nest), abandonment (if the 
nest was found without eggs during two consecutive visits, 
the second one also without a female or if we found the 
nest with eggs but no female), trampled by sheep, failed 
as result of harvesting, or other (e.g. when we found not 
injured dead chicks after extremely high temperatures, or 
nests failed for unknown cases). (4) Conservation method 
(fence, delayed harvest, 4 × 4 m patch without harvesting, 
other (including straw circle and transfer to a recovery sta-
tion). (5) Harvesting date was noted for 1056 nests. (6) For 
a subsample of nests (n = 698), we also estimated hatch-
ing date (through visual screening of chicks’ age, using a 
photo-gallery of the different stages). Lay date for those 
nests was estimated as hatching date minus 30 days for 
incubation (Mebs and Schmidt 2006). (7) For a subsample 
of nests (n = 582), we also measured vegetation height at 
nest discovery, in centimetres.
Weather variables
In Mediterranean areas like Spain, precipitation levels dur-
ing autumn, winter and spring are correlated with higher 
numbers of potential prey for Montagu’s Harriers, and dense 
vegetation for nest building (Soriguer 1981; Borralho et al. 
1998; Garcia and Arroyo 2001). We obtained monthly pre-
cipitation in the study area for each study year, and from this 
we calculated the cumulative precipitation for the 9 months 
prior and partly including the breeding season. “Precipita-
tion 2012”, for example, indicates cumulative precipitation 
from October 2011 to June 2012 (corresponding to the agro-
nomic year, from seeding to end of crop growth). Addition-
ally, we calculated the cumulative number of days during 
the breeding season (April to July) with maximum tempera-
tures higher than 38 °C as an indicator of overtly high tem-
perature. Data were taken from www.tutie mpo.net, for the 
weather station of Talavera la Real (located ca. 150 km from 
the study area, but in the same general region and subjected 
to similar climate).
Table 2  Annual values of breeding parameters and conservation measures
Productivity: fledglings/breeding pair (including failures)
Fledged brood size: fledglings/successful breeding pair
Nest failure rate: proportion of failed nests
Predation rate: proportion of predated nests
Buffer: number of nests protected by an unharvested patch, generally 4 × 4 m large
Delay: number of nests protected by delayed harvest in the whole field
Fenced: number of nests protected by a fence (min. 1.5 × 1.5 m)
Other: number of nests protected by other means (straw circle, recovery station)
Year Clutch size Productivity Fledged brood size Nest failure rate Predation rate Buffer Delay Fenced Other Predation 
rate in 
buffer
2001 2.12 ± 1.13 2.48 ± 0.77 0.13 0.13 5 7 9 0.40
2002 2.38 ± 1.19 2.71 ± 0.84 0.12 0.12 37 14 7 0.14
2003 3.87 ± 0.78 2.69 ± 1.41 3.07 ± 1.04 0.12 0.09 42 12 0.12
2004 3.80 ± 0.84 2.47 ± 1.25 2.92 ± 0.72 0.15 0.12 46 0.09
2005 3.63 ± 0.92 0.90 ± 1.21 2.24 ± 0.77 0.58 0.47 28 10 8 0.46
2006 3.71 ± 0.71 1.55 ± 1.53 2.71 ± 0.94 0.42 0.24 22 6 17 0.27
2007 4.20 ± 0.98 2.64 ± 1.65 3.42 ± 0.90 0.23 0.20 70 2 8 0.14
2008 3.96 ± 0.93 2.66 ± 1.56 3.29 ± 0.95 0.19 0.17 105 9 0 0.10
2009 3.81 ± 0.92 1.42 ± 1.52 2.76 ± 0.89 0.49 0.41 108 2 12 0.36
2010 3.83 ± 0.92 1.83 ± 1.48 2.81 ± 0.78 0.34 0.30 87 41 4 5 0.25
2011 4.08 ± 0.91 2.29 ± 1.73 3.36 ± 0.89 0.32 0.22 122 24 4 11 0.17
2012 3.43 ± 0.85 0.32 ± 0.84 2.29 ± 0.78 0.86 0.61 63 2 1 2 0.59
2013 4.06 ± 0.93 1.13 ± 1.56 2.88 ± 1.08 0.61 0.48 61 5 0 1 0.28
2014 4.30 ± 0.83 0.70 ± 1.50 3.30 ± 1.40 0.78 0.52 94 27 7 6 0.64
2015 3.93 ± 0.92 0.62 ± 1.19 2.48 ± 1.00 0.75 0.54 26 36 0.96
2016 4.37 ± 0.90 1.55 ± 1.78 3.10 ± 1.22 0.49 0.39 5 1 49 1.00
2017 4.14 ± 0.87 0.84 ± 1.39 2.75 ± 1.04 0.70 0.49 8 10 57 1 0.88
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Camera installation
With the aim of evaluating predation risk and predators 
involved in more detail, we used trail cameras (Härting and 
Illner 2015) in 2016 and 2017 to monitor predation events. 
We installed five  Dörr trail cameras (https ://www.wildk 
amera .eu/doerr -snaps hot-mobil /) (six in 2017) at a distance 
of approximately 1 m from the centre of the nest. Cameras 
were used for another nest after the chicks had fledged or 
the nest had failed. We thus monitored 10 nests in 2016 and 
12 nests in 2017 during 3–30 days each. The cameras con-
tained an integrated PIR (pyroelectric infrared) sensor that 
was capable of detecting rapid temperature changes caused 
by a moving animal. The cameras were programmed to take 
a series of two pictures whenever something was moving 
followed by an interval of at least 2 min. During the night, 
the camera activated an infrared flashlight. To avoid over-
exposure, part of the IR diodes had to be covered by opaque 
tape. The cameras also recorded time and temperature.
Statistical analyses
General linear models (GLMs) were used to analyse annual 
and temporal variation in breeding parameters, using infor-
mation from each nest as a data point. Differences among 
years were tested by including year as a factor as an explana-
tory variable, whereas temporal trends were tested includ-
ing year as a continuous variable as explanatory variable. 
In these models, lay date and harvest date were fitted to a 
normal distribution (with an identity link function), breeding 
success and predation probability were fitted to a binomial 
distribution (logit link function), fledged brood size (num-
ber of fledglings in successful nests) was fitted to a Poisson 
distribution (log link function), and productivity (number 
of fledglings per breeding pair) to a zero-inflated Poisson 
distribution (log link function). For the analyses of temporal 
trends in harvest dates, we excluded data from plots where a 
delay in harvest had been agreed with the farmers. Statistical 
software R 3.2.4 (R Core Team 2017) was used throughout, 
with the libraries nlme, lme4, effects.
Temporal trends in rainfall or temperature were tested 
with Pearson’s correlation (with n = 17 points, one per 
annual value). Pearson’s correlations were also used to 
assess the relationship between vegetation height and 
rainfall.
Efficiency of conservation measures was tested with a 
general linear mixed model (GLMM), using nest success as 
a response variable (binomial distribution, logit link func-
tion), and conservation measure (a categorical variable with 
five categories: “fenced” (nests), (harvest) “delay”, “buffer” 
(unharvested patches), “other” and “none”) as an explana-
tory variable. In this model (Fig. 3), “year” and “colony” 
were included as random factors, to account for annual 
variations in breeding success unrelated to conservation 
measures, and for potential differences among breeding ter-
ritories (including the possibility of the same individuals 
breeding in the same territory among years). A GLMM was 
also used to evaluate temporal trends on nesting success for 
nests protected with unharvested patches. Here, “year” was 
included as an explanatory variable as a continuous variable, 
and as a categorical variable as a random term, together with 
“colony identification”. We also included harvest date as an 
explanatory variable.
GLMMs with year and colony as random factors were 
also used to analyse the additive effect of different variables 
affecting breeding output. Productivity (number of fledg-
lings per breeding pair) had a zero-inflated distribution, and 
we could not fit zero-inflated mixed models. Therefore, we 
used GLMMs with year as a random factor to analyse vari-
ables affecting nest success and fledged brood size (number 
of fledglings produced at each successful nest) separately. 
The first one was fitted to a Poisson distribution (log link 
function), and the latter to a binomial distribution (logit link 
function). As explanatory variables we included lay date, 
annual rainfall, days with temperature higher than 38 °C, 
number of neighbours within 600 m, type of protection 
method and year as a continuous variable (Figs. 4, 5). For 
these analyses, year and rainfall were standardized (as its 
value minus the mean divided by the standard deviation) to 
help with model convergence. We also tested for two-way 




The number of nests monitored each year sharply increased 
after 2007 (coinciding with an increase in the number of vol-
unteers, Tables 1, 2), and reached a maximum in 2011 (179 
breeding pairs), from when located nests declined steadily 
with time despite similar searching effort (Tables 1, 2) reach-
ing a minimum of 80 breeding pairs in 2016.
Average distance between nests was 131 ± 168  m 
(mean ± SD). Most (98%, n = 1707) nests occurred clumped 
in colonies (nearest neighbour < 600 m apart). We consist-
ently found 1–2 large colonies (containing 15–45 breeding 
pairs accounting for about 35% of the population) each year, 
while the size of most other colonies ranged between 4 and 
14 pairs. Spatial arrangement of nests within a given colony 
could be anything between compact and linear (see examples 
in Fig. 1). Therefore, number of neighbours within 600 m 
(and thus local density) varied strongly among nests, even 
within colonies, ranging from 1 to 35.
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Most laying occurred in the second half of April, but 
laying occurred throughout an extended period, covering 
almost two months (Fig. 2a). Lay date varied significantly 
among years (Table 3), with almost two weeks difference 
among years (Tables 1, 2). We also found a significant trend 
for laying to occur increasingly later over the study period 
(Fig. 2b, Table 3).
Average clutch size was 4.1 ± 0.9 (n = 941), varied signifi-
cantly among years and did not change over the study period 
(Table 3). On the other hand, it decreased significantly with 
lay date ( 2
1
 = 8.88, P = 0.003, slope − 0.008 ± 0.003).
Productivity (f ledglings/breeding pair) averaged 
1.58 ± 1.65 (n = 1760). This parameter varied signifi-
cantly among years, ranging from 0.32 ± 0.84 (in 2012) to 
2.69 ± 1.41 (in 2003) (Tables 1, 2). We also found a sig-
nificant trend for productivity to decrease with lay date 
( 2
1
 = 24.43, P < 0.0001, slope − 0.012 ± 0.002), and over 
the study period (Table 3), passing from 2.15 ± 1.38 in 
the period 2001–2005 and 2.03 ± 1.62 in 2006–2010 to 
1.10 ± 1.60 in 2011–2017.
Fledged brood size (fledglings/successful pair) averaged 
2.97 ± 0.98 (n = 937), ranging among years from 2.24 ± 0.77 
to 3.42 ± 0.90. Among-year differences were statistically sig-
nificant, and we found a decline with lay date ( 2
1
 = 8.86, 
P = 0.003, slope − 0.007 ± 0.002), but there was no temporal 
trend among years (Table 3).
Of the monitored nests, 53% (n = 1760) failed before 
fledging. The main reason for nest failure was predation (76% 
of 621 failed nests), but we also recorded nest destruction 
by harvesting machines or nests being trampled by sheep. 
Nest success rate and predation rate varied significantly 
among years (Table 3). We also found a significant trend for 
success rate to decrease and predation rate to increase with 
lay date ( 2
1




 = 33.99, P < 0.0001, slope − 0.049 ± 0.009 respectively) 
and throughout the study period (Table 3, Fig. 3). Predation 
rate of nests averaged 22% for the period 2001–2011 and 
50% for the period 2012–2017. Overall, predation occurred 
after harvest in 56% of cases. However, the likelihood of 
predation occurring before harvest increased significantly 
throughout the study period ( 2
1
 = 11.21, P = 0.0008, slope 
0.076 ± 0.023).
Trail cameras showed that foxes were the main preda-
tors. None of the nests monitored with trail cameras in 
2016 got predated during the observation period (although 
two of them were predated later on). On the other hand, 
of the 12 monitored nests in 2017, five were predated by 
a fox; two of them before harvest and three after harvest, 
all of them at night. One camera also documented an 
eagle owl predating the nest, also at night. Of the other 
six monitored nests, hatchlings died in two nests (during 
periods of very high temperatures, temperature reaching 
Fig. 1  Partial arrangement of colonies (blue circles and ellipsoids) in 2011 and one solitary nest (arrow). Each nest (breeding pair) is represented 
by one purple square. Map: Topo Hispania, municipio Cabeza del Buey
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49 °C at the nest according to the cameras), and in another 
one the female abandoned the nest with eggs, possibly 
also because of high temperatures. In the three remaining 
monitored nests, nestlings fledged.
Harvest date decreased significantly with year (Table 3), 
being on average 7 days earlier at the end compared to 
the beginning of the study period (Fig. 2c). Because lay 
date also was delayed over the years (Fig. 2b), the differ-
ence between harvest day and lay date decreased more 
than 8  days throughout the study period ( 2
1
 = 16.31, 
P < 0.0001, slope − 0.53 ± 0.13).
Weather and vegetation
Rainfall varied markedly among years, from less than 200 
to almost 700 mm (Tables 1, 2), but no temporal trends 
were found (Pearson’s r = 0.06, n = 17, P > 0.10). Simi-
larly, the number of days with temperatures higher than 
38 °C varied widely among years from 3 to 24 (Tables 1, 
2), but again no temporal trends were found (r = − 0.23, 
n = 17, P = 0.5).
Vegetation height was higher in more rainy years 
(Tables 1, 2, r = 0.675, n = 13, P < 0.01).
Protective interventions: comparison of techniques
Out of the 1758 monitored nests, 1355 were managed at har-
vest time (the remainder had either failed or, occasionally, 
fledged before harvest). Most nests (69%) were protected 
by leaving unharvested patches (buffers) around the nest. 
Additionally, 13% of nests were protected through fencing 
them, and 11% were managed by delaying harvest in the 
whole plot until 1 July (n = 65 nests) or until the end of sum-
mer (n = 86). The fabrication of a straw circle around the 
nestlings was also used in 86 nests, and nine were moved to 
a recovery centre (in figures, the two latter techniques are 
included in the category “other”).
The success rate of nests protected with unharvested 
patches increased with harvest date, but also declined 
throughout the study period for equivalent harvest dates 
(GLMM, 2
1
 = 9.55, P = 0.002, slope 0.041 ± 0.013 for har-
vest date, and 2
1
 = 35.09, P < 0.0001, slope − 1.44 ± 0.24 for 
year). In recent years, predation rate of nests protected with 
unharvested patches was very high (Tables 1, 2).
Even when taking into account harvest date, there were 
significant differences in overall success rate (proportion of 
protected nests where at least one fledgling was produced) 
among intervention methods (GLMM, 2
1
 = 6.03, P = 0.01 
for harvest date; 2
4
 = 50.05, P < 0.0001 for intervention 
method), with success being higher for fencing the nest and 
delaying harvest in the plot (Fig. 3).
Fig. 2  a Frequency distribution of lay dates (1 = 1 April), the peak 
is 16 – 30 April. b Modelled relationship of lay date in relation to 
study year. Lay dates retarded up to 3 days over 17 years. See Table 3 
for statistical results. c Modelled relationship of harvest date in rela-
tion to study year. Harvest date advanced by 7 days over 17 years. See 
Table 3 for statistical results. Error bars represent 95% CI
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Factors affecting variation in breeding output
When considering all explanatory variables together (lay 
date, annual rainfall, days with temperature higher than 
38 °C, number of neighbours within 600 m, type of protec-
tion method and year), probability of nest success decreased 
significantly with lay date and throughout the study period, 
increased with annual rainfall and varied in relation to 
protective measures (Table 4, Fig. 4). Neither number of 
neighbours nor temperature had a significant effect on nest 
success.
Among successful nests, fledged brood size decreased 
significantly with lay date and increased with annual rainfall. 
Additionally, and in contrast to nest success, temperature 
did have a significant influence on fledged brood size, with 
lower number of fledglings in successful nests with increas-
ing temperature. No other variables had a significant effect 
on fledged brood size (Table 4, Fig. 5).
Discussion
As in many other species (Newton and Marquiss 1984; Pie-
tiäinen 1989; Meijer et al. 1990; Sæther 1990), we found a 
strong relationship between lay date and breeding output, 
with productivity being lower for later-breeding pairs. Older 
(and more experienced) Montagu’s Harrier females are 
known to breed earlier, lay larger clutches and produce more 
Table 3  Results of the general 
lineal models testing for 
among-year differences (year 
as a categorical variable) 
or temporal trends (year as 
a continuous variable) of 
various breeding parameters 
of Montagu’s Harriers in La 
Serena (see Figs. 2, 3)
Variable Among year differences Temporal trends
χ2 df P χ2 df P Slope
Laying date 155.16 14 0.0001 10.34 1 0.001 0.26 ± 0.08
Clutch size 131.64 14 0.0001 0.53 1 0.47 − 0.01 ± 0.01
Productivity 157.94 16 0.0001 282.44 1 0.0001 − 0.07 ± 0.004
Fledged brood size 34.25 16 0.0005 0.99 1 0.32 0.0045 ± 0.0045
Nest success 451.68 16 0.0001 250.83 1 0.0001 − 0.197 ± 0.014
Predation rate 226.02 16 0.0001 124.85 1 0.0001 0.14 ± 0.01
Harvest date 1216.9 16 0.0001 26.19 1 0.0001 − 0.383 ± 0.079
Diff. harvest–lay date 253.08 14 0.0001 8.64 1 0.003 − 0.381 ± 0.129
Fig. 3  Modelled representation 
of GLMM analysis of the effect 
of intervention method (a) and 
harvest date (b) on success rate 
(proportion of nests where at 
least one fledgling survived). 
Late harvest dates are corre-
lated with increasing success 
rate. See Table 3 for statistical 
results. Error bars represent 
95% CI
Table 4  Type III results of 
the general lineal mixed 
models testing for the effect of 
explanatory variables on nest 
success (Fig. 4) and fledged 
brood size (Fig. 5) of Montagu’s 
Harriers in La Serena. Models 
included “year” and “colony” as 
random factors
Nest success Fledged brood size
χ2 df P χ2 df P
N. neighbours 0.58 1 0.45 0.02 1 0.875
Lay date 25.43 1 0.0001 7.27 1 0.007
Rainfall 8.18 1 0.004 3.99 1 0.046
Protection measure 73.77 4 0.0001 4.19 1 0.381
Year 11.86 1 0.0006 0.26 4 0.609
Temperature 0.11 1 0.73 5.24 1 0.022
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fledglings than younger females (Arroyo et al. 2007), which 
may explain these differences. Also, later-breeding birds 
may be more exposed to harvesting problems, and environ-
mental conditions may degrade throughout the breeding 
season, as suggested by the fact that nest failure probability 
and predation probability increased for later-breeding pairs. 
For example, food abundance or accessibility may be lower 
later in the season, higher temperatures may lead to lower 
useful time for foraging, and nests may be more visible for 
predators after harvest has started.
Additionally, we found a significant degradation of breed-
ing success throughout the 17-year study period, associated 
with a strongly reduced efficacy of the most common protec-
tion method (buffers). The fact that neither clutch size nor 
fledged brood size decreased with time suggests that factors 
such as food abundance at the beginning of the breeding 
season (probably modulated in this Mediterranean area by 
rainfall levels in winter and spring), driving clutch size, have 
not changed, and that what has changed with time are condi-
tions later in the breeding season that have led to higher nest 
failure. This degradation is at least partly associated with 
earlier harvest dates in recent times (Fig. 2c), and increased 
predation rate. Earlier harvest may be associated with dif-
ferent cereal varieties being used, a change in weather con-
ditions, or other factors. With current information it is not 
possible to determine the ultimate driver of earlier harvest, 
but the observed advance of harvest date with time is highly 
relevant as it has a significant effect on efficacy of con-
servation methods for this vulnerable species (Santangeli 
et al. 2014), as well as on breeding success for many other 
ground-nesting species (e.g. Casas and Viñuela 2010). The 
observed increase in predation rates may also be facilitated 
by the earlier harvest dates (and thus higher vulnerability of 
nests after harvest). However, the fact that the probability of 
predation before harvest also increased over the study period 
indicates the potential occurrence of other factors, such as 
Fig. 4  Modelled representation of the GLMM analysis of the rela-
tionship between nest success (proportion of nests with at least one 
surviving fledgling) and explanatory variables. See Table  4 for sta-
tistical results. Error bars represent 95% CI. a Effect of colony size 
(number of neighbours < 600 m, abscissa) on nest success (ordinate), 
the effect is not significant. b Increasing values of lay date have a 
negative effect on nest success. c Increasing values of rainfall have a 
positive effect on nest success. d The number of days with tempera-
tures > 38 °C over the years had no significant effect on nest success. 
e Relationship between nest success and protection types “fenced” 
and “delay” had the strongest positive effect on nest success. f Over 
the years of this study, nest success decreased significantly
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increased predator population over the years. Field observa-
tions indeed support increased number of foxes in the area 
(B. Berger-Geiger, pers. obs.). In any case, the higher nest 
failure rate leading to lower overall productivity may have 
led to the observed decline in population size in recent years; 
indeed, the productivity observed in recent years (averag-
ing just above one fledgling per breeding pair) is known to 
be insufficient for population sustainability (Arroyo et al. 
2002). Conditions observed in our study area may reflect 
what is happening in that area at large, as a similar decreas-
ing population trend has been found for the whole of the 
Extremadura region (Seo/Birdlife 2018).
Our results also have implications for conservation man-
agement: highest success was overall achieved with delayed 
harvest and fenced nests, and in fact success of nests pro-
tected with unfenced buffers was too low in recent years. 
A similar situation was found in Germany, where success 
of unfenced large buffers (50 × 50 m) has also decreased 
with time (https ://www.lbv.de/natur schut z/arten schut z/
voege l/wiese nweih e/aktue lles-zur-wiese nweih e-in-bayer 
n/). Our results thus indicate that future interventions in the 
area should favour nest fencing or harvest delay when pos-
sible. Nevertheless, delaying harvest in many of the fields 
with harrier nests may be problematic because of both eco-
nomic costs and agronomic limitations (as most farmers in 
our study region depend on contracted harvesting machines 
coming from other areas). Fencing nests could be a cost-effi-
cient and more easily implemented measure to protect har-
riers. This measure is efficiently used in France (Santangeli 
et al. 2015), the Netherlands (Koks and Visser 2002) and 
recently in Germany (reference above). Our data therefore 
strongly suggest that it would be essential for governments 
or conservation non-governmental organisation (NGOs) in 
the Iberian Peninsula to invest in fences to ensure breeding 
success of this vulnerable species in the study area. As the 
fences are retrieved and reused year after year, the material 
costs would occur only at the beginning.
Previous studies (Arroyo et al. 2001; Kitowski 2008; 
Krupinski et al. 2010) have suggested that breeding in 
colonies might be beneficial, even though in some parts 
of the breeding area Montagu’s Harrier do not live in colo-
nies. Here, and in contrast to our predictions, we found 
Fig. 5  Modelled representation of the GLMM analysis of fledged 
brood size (number of fledglings per successful nest) and explanatory 
variables. See Table 4 for statistical results. Error bars represent 95% 
CI. Relationship between fledged brood size (ordinate) and a colony 
size (number of neighbours < 600 m, abscissa), b lay date, c rainfall, 
d days with temperatures > 38 °C, e protection type, f year
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no effect of number of neighbours on breeding success: 
larger colonies did not reduce their predation risk. This 
may be related to the fact that, in the trail cameras, all 
documented predation events (6 in 12 monitored nests) 
occurred at night, when communal defence against preda-
tors was not active. It is therefore possible that communal 
defence within a colony works well to reduce predation 
risk during daytime (e.g. against raptors, corvids or white 
storks), but that this potential benefit of coloniality disap-
pears when predation is mostly nocturnal.
Finally, we found a significant effect of weather on 
breeding parameters, according to our predictions. Higher 
rainfall levels in winter and spring were associated with 
higher success probability and fledged brood size. In Med-
iterranean areas, winter and spring rainfall is associated 
with higher primary production and, indeed, we found 
an association between rainfall and higher vegetation (so 
probably reducing predation risk). But, additionally, higher 
rainfall and primary production is also associated there 
with higher prey abundance (e.g. Herrera 1980; Soriguer 
1981; Lucio 1990; Tellería 1996; Borralho et al. 1998), 
which may explain differences in fledged brood size. On 
the other hand, very high temperatures (up to 49 °C) were 
associated with smaller fledged brood size, and this prob-
ably reflects a higher probability of nestlings dying of 
overheat (which was also observed in the trail cameras). 
Climate change predictions for the area indicate higher 
aridity and higher temperatures in the future. Therefore, 
environmental favourability of this area may decrease in 
the future (Estrada et al. 2010), and breeding success may 
further decrease under those conditions. Therefore, the 
conservation status of Montagu’s Harrier may become 
more fragile in the future, and conservation efforts should 
be intensified to evaluate protection regimes, suitable for 
a changing environment in the Spanish Extremadura and 
elsewhere.
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